The repair of deoxyribonucleic acid (DNA) in germinating spores was studied in comparison with that in vegetative cells. Radiation-induced single-strand breaks in the DNA of spores and of vegetative cells of Bacillus subtilis were rejoined during postirradiation incubation. The molecular weight of single-stranded DNA was restored to the level of nonirradiatec cells. The rate of the rejoining of DNA strand breaks in irradiated spores was essentially equal to that in irradiated vegetative cells. The rejoining in spores germinating in nutrient medium occurred in the absence of detectable DNA synthesis. In this state, normal DNA synthesis was not initiated. Very little DNA degradation occurred during the rejoining process. On the other hand, in vegetative cells the rejoining process was accompanied by a relatively large amount of DNA synthesis and DNA degradation in nutrient medium. The rejoining occurred in phosphate buffer in vegetative cells but not in spores in which germination was not induced. Chloramphenicol did not interfere with the rejoining process in either germinating spores or vegetative cells, indicating that the rejoining takes place in the absence of de novo synthesis of repair enzyme. In the radiation-sensitive strain uvs-80, the capacity for rejoining radiation-induced strand breaks was reduced both in spores and in vegetative cells, suggesting that the rejoining mechanism of germinating spores is not specific to the germination process.
Bacterial spores are extremely resistant to ionizing radiation as compared with vegetative cells of the same strain. In a previous paper, we showed that the deoxyribonucleic acid (DNA) in Bacillus subtilis spores is much more resistant to radiation-induced strand breakage than that in vegetative cells (8) and that the single-strand breaks of DNA in spores can be repaired during postirradiation germination (9) .
The present paper describes details of the mechanism of the repair accompanied by germination of spores and elucidates the specificity of the repair mechanism in spores in comparison with that in vegetative cells. Furthermore, the germination system of spores is favorable for detecting the DNA repair synthesis, since the normal DNA synthesis is completely absent for I to 2 hr after the initiation of germination. The necessity of DNA synthesis for the rejoining of the DNA strand breaks in this system is discussed. MATERIALS £ry2-) (3) was employed throughout. The radiationsensitive strain, uvs-80, was isolated from strain 168, thy-try2-and kindly supplied by N. Munakata (6) .
Preparation of spores and vegetative cells. Spores and vegetative cells were prepared by incubation at 37 C in Schaeffer medium (7) . Vegetative cells were harvested in the late logarithmic growth phase and washed with 0.066 M phosphate buffer (pH 7.2). Spores were harvested after 24 hr of incubation and then purified by the method described by Yoshikawa (11) . Spores and vegetative cells containing 3H-labeled DNA were prepared in 10 ml of the same medium supplemented with 100 1zCi of 3H-thymidine (specific activity, 5 Ci/mmole; The Radiochemical Centre, Amersham).
Irradiation. Irradiation of spores and vegetative cells in the wet packed state was performed by a 6-Mev electron beam generated by a Varian linear accelerator (dose rate; I Mrad/min) at ice temperature in air.
Measurement of single-strand breaks in DNA. The DNA single-strand breaks in spores and vegetative cells were estimated from the zone sedimentation pattern of DNA in a sucrose gradient at pH 12, by essentially the same method as that used by McGrath and Williams (5) . Nonirradiated and irradiated spores and vegetative cells containing 3H-labeled DNA were converted to spheroplasts by the methods described previously (8) . Another portion of the irradiated spores or vegetative cells was incubated in Demain medium (2) TERANO, TANOOKA, AND KADOTA mine (5 gg/ml), and was then converted to spheroplasts (9, 10) . These spheroplasts were lysed on top of a 5 to 20% alkaline sucrose gradient and centrifuged for 120 min at 35,000 rev/min in a swinging-bucket rotor (Hitachi SW40) at 20 C. The contents were then collected from the top in fractions of 0.1 ml on discs of filter paper by an ISCO fractionator. The discs were washed three times with cold 5% trichloroacetic acid and then ethanol-ether; they were then dried and counted in a scintillation counter. The molecular weight of the DNA was calculated by comparing the sedimentation distance with that of T4 and A phage DNA by using the equation of Burgi and Hershey (1) as described previously (8) .
Measurement of DNA and protein synthesis. Nonirradiated and irradiated spores and vegetative cells were incubated at 37 C in 10 ml of Demain medium supplemented with 500 jg of tryptophan, 50 ug of thymine, and 50 uCi of 3H-thymidine or 5 uCi of '4C-leucine (specific activity, 10 mCi/mmole; The Radiochemical Centre). Incorporation of 3H-labeled thymidine and "C-labeled leucine into the trichloroacetic acid-insoluble fraction was taken as a measure of the synthesis of DNA and protein, respectively. The bacterial concentration in the culture was about 10' spores per ml and about 5 x 106 vegetative cells per ml, respectively. At different intervals, 0.1-ml samples were taken in duplicate from the incubation culture. The incorporation was terminated by adding an equal volume of 10% trichloroacetic acid, and then the samples were collected on a membrane filter (Millipore Corp.; 0.22-,gm pore size, 25-mm diameter) for radioactivity counting.
Measurement of degradation of 3H-radioactivity of DNA. After irradiation, the 3H-labeled spores and vegetative cells were incubated at 37 C in Demain medium supplemented with tryptophan (50 qg/ml) and thymine (5 Ag/ml). At intervals, 1-ml samples were taken and centrifuged. The cell pellet was suspended in 5% trichloroacetic acid, and then the precipitate was collected on a membrane filter (Millipore Corp.) for a count of the radioactivity.
Measurement of colony-forming ability of spores and vegetative cells. Colonies derived from spores or vegetative cells were counted after incubation on nutrient agar plates at 37 C for 24 hr.
RESULTS
Rejoining of the DNA single-strand breaks and DNA synthesis. Radiation-induced single-strand breakage of 3H-labeled DNA in spores or vegetative cells is shown by a decrease of the sedimentation rate in an alkaline sucrose gradient at pH 12. The sedimentation patterns of DNA are not shown here, because typical sedimentation patterns were presented previously (8, 9) . Although the radiation dose used for spores was extremely large (190 krad, 10% survival) in comparison with the dose used for vegetative cells (7 krad, 37% survival), the degree of DNA strand breakage in spores was approximately equal to that in vegetative cells. The change in the molecular weight of single-stranded DNA from the 190-krad irradiated spores was observed after various times of postirradiation incubation (Fig.  1 ). The rejoining of radiation-induced singlestrand breaks in DNA of spores was initiated by incubation in Demain medium containing tryptophan (50 ug/ml) and thymine (5 ,ug/ml) (nutrient medium). Postirradiation incubation for 70 min at 37 C restored the average molecular weight of single-stranded DNA to the level for DNA from nonirradiated spores. The same observation was obtained for the 7-krad irradiated vegetative cells. The broken strands in the DNA were completely rejoined to the level for nonirradiated cells during the 70-min incubation. The rate of rejoining of single-strand DNA breaks in spores or vegetative cells was given by the measurement of the maximal slope of the curves in Fig. 1 . These values were 2.0 x 106 daltons/min for spores and 2.4 x 106 daltons/min for vegetative cells.
DNA synthesis during postirradiation incubation of spores and vegetative cells was measured by 3H-thymidine incorporation (Fig. 2) . Details of the DNA synthesis in germinating spores were shown previously (9) . The 190-krad irradiated spores showed no significant 3H-thymidine incorporation during the 70-min incubation. (Normal DNA synthesis in nonirradiated spores commenced after 90 min of incubation.) On the other hand, in irradiated vegetative cells, the thymidine incorporation continued but was suppressed by increasing radiation dose. The amount of 3H-thymidine incorporated by the 7-krad irradiated vegetative cells during the 70-min incubation was 70% of that incorporated by nonirradiated cells.
Rejoining in nonnutrient medium. The rejoining of DNA strand breaks in irradiated cells during postirradiation incubation at 37 C in 0.066 M phosphate buffer (pH 7.2) is shown in Table 1 . When spores irradiated with 190 krad were incubated in the phosphate buffer for 180 min, no effect was found on the sedimentation pattern of DNA as previously reported (9) . On the other hand, the sedimentation pattern of DNA in the 7-krad irradiated, vegetative cells was restored to the level of nonirradiated cells during the 70-min incubation in buffer. This fact indicates that the rejoining mechanism is not triggered unless germination is initiated in spores and, furthermore, that the rejoining in vegetative cells is not influenced by the nutritional conditions.
Effect of chloramphenicol on rejoining. Chloramphenicol (CM) is an inhibitor of protein synthesis. This compound is known to inhibit normal DNA synthesis of B. subtilis spores during germination (1 1).
The effect of CM on the rejoining of radiationinduced strand breaks in DNA was studied in Fig. 3A and 3B. When CM (75 ,g/ml) was present in nutrient medium with irradiated spores or vegetative cells, there was no effect on the rejoining of the broken strands. CM inhibited completely the incorporation of 14C-leucine into irradiated spores or vegetative cells during postirradiation incubation (data not shown).
Radiation-induced degradation of prelabeled DNA. Degradation of prelabeled DNA occurred in spores and in vegetative cells during postirradiation incubation (Fig. 4) , as indicated by the loss of radioactivity from the acid-insoluble fraction. The 3H-radioactivity of the degraded DNA was released from spores and from vegetative cells into the medium but not into the acid-soluble fraction of collected spores or vegetative cells. Approximately 2 to 3% of the 3H-radioactivity of DNA was degraded during the 70-min incubation of the 190-krad irradiated spores. This degradation was increased to 20% by a further 50-min incubation (total 120 min). The presence of CM suppressed the degradation in spores to approximately I to 2% of 3H-radioactivity during 180 min of incubation. In vegetative cells, approximately 40% of 3H-radioactivity of DNA was degraded during 60 min of incubation, whereas, in the presence of CM, approximately 20% of 3H-radioactivity was degraded during 60 min of incubation.
DNA rejoining in a radiation-sensitive mutant. The next experiment was designed to determine whether the rejoining in germinating spores is specific to the germination process of spores or common to that in vegetative cells. We employed a radiosensitive strain of B. subtilis, uvs-80. The dose-survival curves of spores and vegetative cells of the mutant strain are shown in Fig. 5 . In both spores and vegetative cells, the colonyforming ability of the uvs-80 strain was about two times as sensitive to ionizing radiation as that of the parent strain. (The ratios of the slopes of the survival curves of uvs-80/parent were 0.62 for spores and 0.57 for vegetative cells.)
Comparative sedimentation studies of the sensitive and parent strains are summarized in Table  1 . The vegetative cells of uvs-80 had a reduced capacity to rejoin the DNA single-strand breaks during 70 min of incubation in nutrient medium after 7-krad irradiation. When spores of uvs-80 were irradiated (190 krad) and then incubated in nutrient medium for 120 min at 37 C, the ability of spores to rejoin the DNA strand breaks was also reduced. The initial number of breaks produced in spores and vegetative cells of uvs-80 a Demain medium supplemented with tryptophan (50 gg/ml) and thymine (5 ug/ml) was used. (Fig. 1) . Although McGrath and Williams (5) and Kaplan (4) have suggested that the ability of irradiated Escherichia coli cells to rejoin DNA single-strand breaks is one of the important factors determining the radiosensitivity of the cells, the present study has shown that the difference in radiosensitivity between spores and vegetative cells cannot be explained by the difference in this DNA rejoining ability. The radioresistance of spores is thought to be dependent on other factors, e.g., the physical state of the DNA in spores as shown in the previous study (8) .
There have been discussions in many reports of the question of whether DNA synthesis is required in the rejoining of DNA strands broken by ionizing radiation. During the rejoining of broken strands in spores germinating for 70 min, the incorporation of 3H-thymidine into the acidinsoluble fraction was undetectable (Fig. 2) . Since normal DNA synthesis in nonirradiated spores does not occur during the first 90 min of germination, the detection of 3H-thymidine incorporation is very sensitive to any change introduced by irradiation. Our previous observation (9) showed that L-alanine-induced germination was enough to trigger the DNA rejoining process. The rejoining was found also in spores germinated in the presence of CM (Fig. 3 (Fig. 4) suggests the possibility that the repair is not of the excision type, since the excision of the damaged sites is normally thought to be accompanied by the excision of additional nucleosides in the vicinity of the site and repair synthesis of the DNA. However, in vegetative cells we have no guarantee for the absence of DNA repair synthesis during the DNA rejoining process in the present experimental conditions. The fact that *rejoining occurs without protein synthesis (see Fig. 3 ) suggests that DNA repair is performed by preexisting enzymes in vegetative cells as well as in spores.
It should be emphasized that the rejoining of DNA single-strand breaks produced in spores did not occur unless germination was initiated. If this germination-induced rejoining is different from the rejoining mechanism in vegetative cells and specific to the germination machinery of spores, one might expect it to accompany germination in spores of any strain. However, the expected rejoining was not found in germinating uvs-80 spores (Table 1 ). This suggests that the repair observed in the present study is not germination-specific but is rather the result of a trigger originating in the cellular machinery which operates in vegetative cells.
